PACS 71.15.-m -Methods of electronic structure calculations Abstract -It is important to accurately predict the band gaps of crystals, including organic crystals, with low computational cost. Despite the significant underestimation of the crystal band gap by the density functional theory (DFT), a recently proposed Wannier-Koopmans method (WKM) based on DFT calculations seems to yield accurate band gaps for a wide class of materials including common semiconductors, alkali halides and 2D materials. It is nevertheless important to test the limit of WKM, in particular in systems with unique characteristics. In this work, we apply the WKM to 10 organic small molecule crystals and find that the WKM calculated band gaps agree well with GW results. We also introduce a new way to calculate the Wannier functions in the WKM calculations.
construct more complicated exchange-correlation energy, and for some cases [12] it does increases the energy band gap. But their wide applicability is yet to be proved. There are also hybrid functionals, like HSE [13] and B3LYP [14, 15] which improve the band gaps. But they are parameter based, which can lead to inaccurate results, as will be shown in this study, if the same parameters are used for different systems. So far the most accurate and reliable approach for band gap calculations is the GW method [16] based on the many-body perturbation theory. The GW methods have several versions of self-consistency such as G 0 W 0 , GW 0 and GW . For many systems, the single-shot G 0 W 0 calculation often slightly underestimates the experimental value [12] , while the GW 0 seems to yield more accurate results [17, 18] , and the full self-consistent GW calculations can overestimate the band gap [19] . Overall, the GW method can be expensive, and their formalism which involves the high-frequency dynamic dielectric screening and self-energy is very different from the groundstate DFT formalism. It is thus still interesting to develop a method which is more based on the DFT formalism, at the same time also to correct the DFT band gap error.
Recently, we have developed a Wannier-Koopmans method (WKM) [20] to correct the DFT band gap. The WKM extends the well-known ΔDFT method [21] , which works well for isolated systems, to extended bulk systems. In the ΔDFT method, one calculates the electron affinity (EA) as E(N + 1) − E(N ) and ionization energy (IE) as 37002-p1 E(N ) − E(N − 1) using self-consistent ground-state energies E(N ), E(N + 1), and E(N − 1), where N , N + 1, N − 1 are the corresponding number of electrons in the system. Despite the great success for atoms and small isolated molecules [21] , the ΔDFT method fails for extended bulk. In an extended system, the change of charge density by adding one electron in the system is infinitely small at any given spatial point, as a result, the total energy difference is the same as the Kohn-Sham orbital energy due to Janak's theory [22] . To overcome this problem, the WKM method places the additional electron in the localized Wannier functions instead of the extended Kohn-Sham orbitals, so the charge density change is not infinitely small, and a finite correction can be obtained. More specifically, we can express the total energy in the WKM formalism as
where "w" denotes different orthogonal Wannier functions in either occupied manifold or unoccupied manifold and 0 <s w < 1 stands for the occupation number of the corresponding Wannier function w. To satisfy the Koopmans theory, the above total energy E W KM is made to be linear with the Wannier function occupation s w . This is done by of the E w (s w ) term, which can be approximated as
The 
Here + is for conduction band, − is for valence band. In an actual calculation, the neutral system ground state with N electrons is first calculated. The Kohn-Sham orbitals ψ i are then used to construct the Wannier function φ w represented in a supercell. E LDA ({S w }) is then calculated using this supercell, with ψ i in the same spin of the occupied φ w being orthogonal to φ w . The variational minimum of E LDA ({S w }) with regard to ψ i under this constraint is self-consistently calculated. This self-consistent solution describes the screening of the Coulomb potential caused by the occupation of φ w . The details of the calculation were described in ref. [23] . In our recent works, the performances of WKM in common semiconductors [23] , alkali halides [24] and 2D materials [25] have been tested, so is its ability to describe band alignments [26] . In these systems, WKM has achieved band gap accuracy comparable to GW results, and all agree well with experiments. The typical band gap error compared with experiment is in a few tenths of eV [23] [24] [25] . Given all these previous works, it is thus extremely interesting to know what the accuracy is of WKM to predict the band gaps of other systems. In this work, we use WKM to calculate the band gaps of 10 organic molecules. Due to the lack of experimental results for their quasiparticle band gaps, we have compared our WKM results with GW results, as well as the GGA and HSE results.
Besides testing this important new class of systems, we have also introduced a new way of generating the Wannier functions. In our previous work, the Wannier90 program was used to calculate the Wannier function. This requires the input of atomic characteristic of the Wannier function. Although it is easy to do this for small inorganic crystals as in our previous works, for large unit cell as for the organic crystals, that becomes untrivial because there could be many different choices for the Wannier function generation. In the current work, we use the selected columns of the density matrix (SCFM) method [27] to generate the Wannier function. This method does not need the prior selection of the atomic character of the Wannier function, which makes the Wannier function generation more automatic.
Computational method. -The selected molecules cover a range of structure types. The simplest molecule is Carbamide and Glycine, while the complex ones include (3S,6S)-3-(Hydroxymethyl)-6-methyl-2,5-piperazinedione hydrate. We have also selected aliphatic molecules like normal butane as well as aromatic molecules like Anthracene. These five crystal structures are shown in fig. 1 . We also cover different functional groups, like carboxyl group, nitrile group, ester group, hydroxyl group as shown in fig. S1 of the Supporting Information Supplementarymaterial.pdf (SI). All the crystal structures are shown in the SI, and we have used the crystal lattice constants, internal molecule configurations and positions from the Crystallography Open Database [28] .
In our calculation, we first used the DFT method to calculate the neutral system ground-state wave function ψ i . This is a primary cell calculation with multiple k-points. These Bloch states are then used in the following Wannier function generation step. In this step, we have used a newly developed and highly parallelizable SCDM-k [27] code, and the results will be compared with the more common Wannier90 code [29] .
To test the results between the SCDM-k method and the Wannier90 method for the Wannier function generation, we have used AlAs and Glycine systems as examples. For the AlAs system we have obtained similar band gaps using Wannier90 and SCDM-k, 2.30 eV for Wannier90 and 2.34 eV for SCDM-k, respectively, while the experimental value is 2.22 eV as shown in table 1. For the Glycine system, we did not find the experimental quasiparticle gap, so we have compared the band gap with the GW 0 result shown in table 2. The band gaps calculated by Wannier90 and SCDM-k are 8.745 eV and 8.736 eV, both of them are within a 10% of the GW 0 band gap (9.521 eV). We have compared the Wannier functions generated by the Wannier90 code and SCDM-k code for the Glycine system. As shown in fig. 2 , the Wannier functions with the maximum projection to the conduction band minimum generated by the SCDM-k code and Wannier90 are rather similar. The dot product of these two Wannier functions: φ W annier90 |φ SCDM-k is 0.9983, indicating high similarity. The same similarity between the SCDM-k and Wannier90 results exists for the first few Wannier functions. We have also analyzed the localization of the Wannier functions with maximum band edge state projection. The charge accumulation function from the center of the Wannier function can be calculated as
The charge density integral is plotted in fig. 2 (c) for a 3 × 3 × 3 unit super cell. From fig. 2(c) we estimate that the radius of this Wannier function is about 2.84Å and the minimum distance between two imaging Wannier functions is around 9.67Å. The minimum distance between imaging Wannier functions is larger than the one used in our previous works [25] , hence the supercell size should be sufficient to calculate λ w . The above analysis establishes the procedure to use WKM to calculate the organic small molecule crystals using the SCDM-k code as the Wannier function generator.
In this work, all DFT calculations were performed using the PWmat code [30, 31] , which runs on graphics processing unit processors (GPU). NCPP-SG15-PBE pseudopotential [32, 33] and 50 Ryd plane wave cutoff was used in all of our calculations, and the k-points were generated by using the Monkhorst-Pack method [34] . The number of k-points multiplied by the number of atoms is larger than 2000 in all of our WKM calculations. In our procedure, we first generate Kohn-Sham wave functions in the PWmat code, which are then used as the input to generate the Wannier functions using the SCDM-k code. We have chosen sufficient sizes of the supercell which ensure that the distance between two imaging Wannier functions is larger than 6.5Å as shown in fig. 2(c) . Lastly, we have calculated E LDA ({s w }) of the Wannier function φ w using the PWmat code for Wannier functions with the largest projections on conduction band minimum (CBM) or valence band maximum (VBM) state. Typically, 4-5 Wannier functions are used in order for the total projections on CBM and VBM to be larger than 90%. Three s w values are calculated for E LDA ({s w }) for each φ w . These three values of E LDA ({s w }) are used to calculate its second derivative, hence the value of λ w . The CBM and VBM eigen energy corrections are then provided by eq. (3) using the energy expectation value based on the ground-state Kohn-Sham wave function ψ i with the value of the Wannier function projection φ w |ψ i provided by the SCDM-k code. The corrections and the final band gaps of WKM are shown in table S1 of the SI. We have also carried out calculations using G 0 W 0 and GW 0 for all ten systems. The G 0 W 0 and GW 0 calculations are both implemented in the Vienna ab initio simulation package (VASP) [35] code using the projector augmented-wave potential [36, 37] . We have used an energy cutoff of 400 eV. We set the number of virtual orbitals for over 100 bands per atom, and we have tested the convergence of the parameter "NBANDS" for GW 0 calculations which are shown in table S4 of the SI. In addition, we have calculated PBE [38] and HSE06 (with HSE parameter alpha 0.25 and omega 0.20) band gaps using the PWmat code. Lastly, the LDA band gaps, as the starting point of our WKM method, are also calculated. The computation time of the main methods are listed in table S5 of the SI, although caution must be used in comparing their times since different computers are used and the times sensitively depend on the computational parameters like the k-points. In our calculations, GW 0 and G 0 W 0 are calculated on the CPU compute nodes, and LDA, PBE, HSE and WKM are calculated on one 37002-p3 GPU node. One CPU node consists of two Intel R Xeon R CPU (E5-2640 v4) CPUs where one CPU contains 20 cores, a GPU node consists of four NVIDA R GTX 1080Ti GPUs. All the above parameters settings are summarized in the SI.
Results and discussions. -All of our calculated results are plotted in fig. 3 . Overall, our results agree well with GW 0 and G 0 W 0 . In general, G 0 W 0 results are smaller than the GW 0 results, and in many cases, the WKM results are between the GW 0 and G 0 W 0 results.
We also see that the HSE06 significantly underestimates the band gap. This occurs using the HSE06 parameters which yield good results for common semiconductors. We found that it is generally true for larger band gap systems, the HSE06 underestimates the band gap. This is probably because for larger band gap systems, the screening effects are smaller. But the HSE06 parameters are heavily fitted for smaller band gap systems, which have larger screening, hence will have too much screening for large band gap materials, which leads to an underestimation of the band gaps. Note, in previous works [23] , we have shown that the WKM also works for isolated molecules, or when an oligomer gradually increases its length becoming a one-dimensional crystal. The applicability of WKM to small molecule crystal implies that WKM is generally applicable for all organic systems. For disorder organic systems (e.g., a polymer blend), the challenge is to calculate all the Wannier functions. One approach is to evaluate the λ w and VBM, CBM to the Wannier function projection φ w |ψ i with some approximations, much like in the charge patching method for such disordered systems [39] . In table S6 of the SI, we have listed the individual VBM and CBM corrections under the WKM and GW 0 methods. These individual corrections (instead of the band gap) are important for applications like band alignment. As we can see, not only our band gap agrees with the GW 0 results, the individual VBM and CBN corrections also agree with the GW results. In fig. S2 of the SI, we presented the LDA band structure of the systems. As can be seen, due to the weak molecule-molecule coupling, the dispersions of these band structures are rather small, especially for valence bands. As a result, it is rather difficult to determine the exact VBM k-point locations. Furthermore, not exact k-point grids are used in WKM and GW 0 calculations. Nevetheless, we found that all the band gaps are indirect, and the CBM states are located in the same vicinity within the Brillouin zone between WKM and GW 0 methods.
We also notice that there are small differences between LDA and PBE band gaps, although qualitatively they are the same. Their difference however is in the same order for the difference between WKM and GW 0 . This could mean that the remaining error in WKM (e.g., compared to GW 0 , or experiment) is in the same level as the difference between LDA and PBE, i.e., the difference between different exchange-correlation (EC) functionals. This is because in WKM, we have removed the self-interaction error in the common EC functionals. After the removal of this main error (e.g., this will introduce the proper discontinuity in the derivative of the EC functional [23] ), there could still be other errors (we still do not have the exact EC functional, even for the continuous part of the EC functional). These "other errors" (e.g., due to the continuous part) will equally affect the ground-state property and the excited state (band gap) property. But at least, we will no longer have a "particular problem" for the band gaps for the DFT calculations.
Conclusions. -In conclusion, we have applied our Wannier-Koopmans method to 10 organic small molecular crystals, and used a new SCDM-k method to generate Wannier functions. We found that the WKM gives a similar band gap to that of the GW 0 method. This shows that the WKM is applicable to extended organic systems. * * * 
